We assessed firing and voltage-gated Ca 2+ influx in medial prefrontal cortex (mPFC) pyramidal neurons from older (12 months old) HIV-1 transgenic (Tg) rats. We found that neurons from older Tg rats showed increased firing compared to non-Tg rats, but Ca 2+ spikes were unchanged. However, stronger excitatory stimulation was needed to evoke Ca 2+ spikes, which was associated with reduced mPFC
Introduction
HIV-associated neurocognitive disorders (HAND) affect 50% of HIV + adults and are expected to increase as the HIV + population ages (Gill and Kolson 2014; Heaton et al. 2010) . The HIV-vulnerable medial prefrontal cortex (mPFC) regulates neurocognition and is majorly composed of glutamatergic pyramidal neurons that project to the striatum and midbrain (Ferris et al. 2008) . HIV-1 proteins and HIV-induced inflammation disturb neuronal function by abnormally increasing intracellular Ca 2+ (Hu 2015) through effects on the NMDAR (Mattson et al. 2005) , voltage-gated Ca 2+ channels (VGCCs), and intracellular Ca 2+ release (Brini et al. 2014; Hu 2015) .
L-type VGCCs (L-channels), which modulate neuronal signaling and gene expression (Brini et al. 2014) , include a low voltage-activated (LVA-Ca v 1.3) and high voltageactivated (HVA-Ca v 1.2) subtype in the brain (Lipscombe 2002) . We recently demonstrated that HIV-1 alters Lchannel activity and expression in the mPFC using HIV-1 transgenic (Tg) rats Wayman et al. 2016) , which emphasizes the importance of L-channel dysfunction in HIV-induced neuropathogenesis.
Understanding how low level HIV-1 expression in the CNS, particularly during aging, contributes to HAND persistence/progression will facilitate the development of effective therapeutics for HAND. Thus, we assessed the impact of comorbid aging/HIV-1 on the activity and expression of VGCCs in mPFC pyramidal neurons, using the Tg rat -a non-infectious, gag/pol-deleted HIV-1 animal model that expresses 7/9 HIV-1 genes and exhibits HAND characteristics (Vigorito et al. 2015) . The Tg rat model mimics the HIV reservoir in the CNS, associated with maximum suppression of HIV replication due to combined antiretroviral therapy (Peng et al. 2010) . Here, we specifically examined the effects of aging on evoked firing and Ca 2+ spikes mediated by VGCCs in pyramidal neurons, and on L-channel expression in the mPFC of older (12 months old) Tg rats.
Material and methods

Animals
Male Tg and non-Tg rats (Envigo, Indianapolis, IN) were housed at the Rush University Comparative Research Center with food and water available ad libitum. Institutional Animal Care and Use Committee-approved animal care and use procedures were conducted in accordance with NIH, USDA and institutional guidelines.
Tissue preparation
At 6-7 weeks or 12 months of age, rats were transcardially perfused with cutting solution (in mM: 248 sucrose, 2.9 KCl, 2 MgSO 4 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 0.1 CaCl 2 , 10 glucose, 3 kynurenuc acid, 1 ascorbic acid; pH = 7.4-7.45) for electrophysiology, or 0.9% saline for biochemistry. For electrophysiology, 300 μm brain slices were prepared and incubated in oxygenated artificial cerebrospinal fluid (aCSF; in mM: 125 NaCl, 2.5 KCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 1 MgCl 2 , 2 CaCl 2 , 15 glucose; pH = 7.35-7.4, 305-315 mOsm) for 1 h before recordings. For biochemistry, the mPFC was dissected; RNA and protein were measured from the left and right side, respectively.
Whole-cell patch-clamp recording from ex vivo brain slices
Electrophysiology was performed as previously described Wayman et al. 2016) . Briefly, layer V-VI mPFC pyramidal neurons were patched using internal solution-filled recoding electrodes [4] [5] [6] and 280-285 mOsm; for spiking (in mM): 120 K-glucontate, 10 HEPES, 0.1 EGTA, 20 KCl, 2 MgCl 2 , 3 Na 2 ATP, and 0.3 NaGTP; for Ca 2+ potentials (in mM): 140 Cs-gluconate, 10 HEPES, 2 MgCl 2 , 3 Na 2 ATP, and 0.3 NaGTP]. To evoke spiking, depolarizing current pulses (0-300 pA) were applied for 500 ms at 25 pA intervals. Data were analyzed if (1) resting membrane potential (RMP) was stable and more hyperpolarized than −60 mV (for non-Tg) and (2) initial action potential amplitude (evoked by rheobase, the minimal depolarizing current) was > 60 and 40 mV, respectively, for non-Tg and Tg. VGCC activity was isolated with blockade of Na + channels (0.5 μM tetrodotoxin), K + channels (20 mM extracellular tetraethylammonium, 140 mM intracellular Csgluconate), ionotropic glutamate receptors (2.5 mM kynurenic acid), and GABA A receptors (100 μM picrotoxin). V m was held around average RMP (~−70 mV) and 40 ms rheobase currents were used to elicit Ca 2+ potentials.
Quantitative real-time PCR (qRT-PCR)
RNA was measured using a Power SYBR® Green RNA-to- 
Statistical analysis
Data were analyzed with two-way ANOVA or two-way repeated measures (rm) ANOVA, followed by Newman-Keuls post hoc tests, and t-tests. Statistical significance was set at p ≤ 0.05.
Results mPFC pyramidal neurons in older Tg rats display increased firing
Evoked firing in mPFC pyramidal neurons was assessed. We found that the neurons from Tg rats displayed significantly increased spike numbers compared to those from non-Tg rats (two-way rmANOVA: genotype, F (1264) = 2.532, p = 0.125; current, F (11264) = 62.980, p ≤ 0.001; interaction, F (11264) = 3.952, p = 0.019; Fig. 1a , b).
Pyramidal neurons from older Tg and non-Tg rats exhibit similar voltage-sensitive Ca 2+ spikes, but greater stimulation is needed to generate Ca 2+ spikes in older Tg rats
To evaluate the involvement of VGCC-mediated Ca 2+ dysregulation in the increased pyramidal neuron excitability in older Tg rats ( Fig. 1c-f ), glutamate/GABA inputs, Na + , and K + channels were selectively blocked. We found that Ca 2+ spikes (duration and amplitude) in mPFC neurons from older Tg rats were not significantly affected compared to non-Tg rats (Fig.  1d, e) . However, VGCCs in mPFC neurons from Tg rats were less excitable than those from non-Tg rats because greater excitatory stimulation was needed to evoke Ca 2+ potentials in Tg rats (t (17) = 4.838, p = 0.0002) (Fig. 1f) . These findings indicate that VGCC-mediated Ca 2+ influx does not contribute to the increased firing of mPFC pyramidal neurons in older Tg rats.
L-channel protein expression is significantly reduced in the mPFC of older Tg rats, but is not affected in the mPFC of adolescent Tg rats
We previously demonstrated that L-channels mediate abnormally-enhanced voltage-sensitive Ca 2+ influx and hyper-excitability of mPFC neurons from adolescent (6-7 weeks old) Tg rats . L-channel subtypes in the cortex include an LVA (Ca v 1.3, Cacna1d) and an HVA (Ca v 1.2, Cacna1c) form (Lipscombe 2002) . Here, we determined mRNA and protein levels of both L-channel subtypes in the mPFC (Fig. 2) . We found that Cacna1d mRNA levels were altered by HIV in adolescent rats and by age in non-Tg rats (two-way ANOVA: genotype, F (1,27) = 3.156, p = 0.087; age, F (1,27) = 1.550, p = 0.224; interaction, F (1,27) = 7.087, p = 0.013; Fig.2a ), but that Cacna1c mRNA levels were unchanged (Fig. 2b) . Specifically, Cacna1d mRNA levels were increased in adolescent Tg rats compared to non-Tg rats (t (13) = 3.957, p = 0.002; Fig. 2a) , and in older non-Tg rats compared to adolescent non-Tg rats (t (13) = 3.345, p = 0.005; Fig. 2a ). In contrast, Ca v 1.3 protein levels in the mPFC were not changed (Fig. 2c ), but Ca v 1.2 protein levels were altered by HIV in older rats and by age (two-way ANOVA: genotype, F (1,39) = 4.466, p = 0.041; age, F (1,39) = 23.549, p < 0.001; interaction, F (1,39) = 0.001, p = 0.982; Fig. 2d ). Specifically, Ca v 1.2 protein levels were significantly reduced in the mPFC of older Tg rats compared to age-matched non-Tg rats (t (21) = 3.929, p = 0.001; Fig. 2d) , and in the mPFC of older rats compared to adolescent rats, whether Tg or non-Tg (nonTg: t (20) = 3.134, p = 0.005; Tg: t (19) = 3.873, p = 0.001; Fig.  2d ). These findings indicate that aging and chronic HIV-1 in vivo differentially affect the post-transcriptional regulation of L-channel expression, and ultimately L-channel protein expression.
Aging does not alter total voltage-sensitive Ca 2+ influx, but affects some Ca 2+ spike properties in mPFC neurons
To determine age effects on VGCCs, we compared the Ca 2+ spike properties in mPFC neurons between adolescent and older, Tg and non-Tg rats (Table 1) . In Tg rats, aging significantly increased the rheobase required to evoke Ca 2+ spikes (p < 0.001; two-way rmANOVA: genotype, F (1,91) = 15.127, p < 0.001; age, F (1,91) = 20.594, p < 0.001; interaction, and area (e) of the Ca 2+ potentials are graphed, showing that Ca 2+ influx through VGCCs in neurons from Tg rats (hatched bars, n = 11 in 5 rats) was not significantly different from that in non-Tg rats (open bars, n = 10 in 6 rats). f The bar graph shows the rheobase (the minimal current stimulation required to generate a Ca 2+ spike; Tg: n = 10 neurons in 4 rats; non-Tg: n = 9 neurons in 6 rats). Note that greater excitatory stimulation was needed to evoke a Ca 2+ potential in neurons from Tg rats, although Ca 2+ influx was not significantly affected. Significance is denoted as *p ≤ 0.05, ***p ≤ 0.001 F (1,91) = 6.600, p = 0.012) and reduced the Ca 2+ spike halfamplitude duration (p = 0.017; two-way rmANOVA: genotype, F (1,77) = 2.716, p = 0.103; age, F (1,77) = 4.635, p = 0.034; interaction, F (1,77) = 1.223, p = 0.272). Intriguingly, whole-cell Ca 2+ influx was not significantly affected by aging because there was no difference in the entire duration/area of evoked Ca 2+ spikes between older and adolescent rats. Aging also significantly decreased the Ca 2+ spike amplitude (p = 0.035) in mPFC neurons from non-Tg rats (two-way rmANOVA: genotype, F (1,78) = 15.127, p = 0.059; age, F (1,78) = 20.594, p = 0.009; interaction, F (1,78) = 6.600, p = 0.615). These data suggest that aging does not significantly alter total Ca 2+ influx through VGCCs, but alters the gating dynamics of the remaining, functional VGCCs in mPFC pyramidal neurons.
Discussion
The current study determined that HIV-1-induced alterations in VGCC function (reflected by evoked Ca 2+ spikes) and Lchannel expression in the mPFC differ with age. We found that mPFC pyramidal neurons in older Tg rats were hyperexcitable (with increased firing) compared to those in non-Tg rats. However, the total Ca 2+ influx through VGCCs was unchanged in mPFC neurons from older Tg rats, but was accompanied by a significantly decreased VGCC sensitivity to V m depolarization, and reduced protein expression of Ca v 1.2 Lchannels. This contrasts strikingly with Ca v 1.2 L-channel protein levels in adolescent Tg rats, which were unaltered compared to age-matched non-Tg rats. Together, our current and previous studies Wayman et al. 2016) demonstrate that HIV-1 differentially affects the functional activity and expression of VGCCs in the mPFC in an agedependent manner, and suggest that ion channel dysfunction underlying HIV-induced mPFC hyper-excitability evolves with age/HIV duration. The present study indicates that mPFC pyramidal neurons in older Tg rats remain hyper-excitable, but the underlying mechanisms differ from those in younger Tg rats. Previously, we reported abnormally-increased firing in mPFC neurons from adolescent (6-7 weeks old) to young adult (6-7 months old) (Wayman et al. 2016) Tg rats. This increase in younger Tg rats is associated with L-channel over-activation. However, the increased excitability in older (12 months) Tg rats was not accompanied by changes in Ca 2+ influx. Importantly, these findings reveal that the abnormally-increased excitability of mPFC neurons in aging Tg rats does not result from VGCC over-activation, but likely is mediated by dysfunction of other membrane ion channels, including K + channels and those regulating synaptic activity. Indeed, our parallel studies suggest that reduced voltage-gated K + channel activity contributes to the abnormally-increased mPFC neuronal excitability in older Tg rats .
Alterations in excitatory/inhibitory neurotransmission could also affect HIV-induced mPFC hyperactivity. For example, HIV-1 increases activity of ionotropic glutamate receptors (Epstein 1998; Mattson et al. 2005 ) and reduces GABAergic neurotransmission (Buzhdygan et al. 2016) . Such changes could facilitate V m depolarization and promote firing. Although changes in synaptic activity were not reflected in the current assessment of Ca 2+ influx due to blockade of ionotropic glutamate receptors and GABA A receptors, potential HIV-1-induced alterations in glutamate/GABA-mediated synaptic activity could also underlie the increased firing, where tonic glutamatergic and GABAergic neurotransmission was not blocked.
The present study also indicates that HIV-1 and age differentially affect VGCC activity and expression in the mPFC. We show that, in mPFC neurons from adolescent (6-7 weeks old) Tg rats, the total L-channel protein levels are unaltered (Fig. 2c, d ), but L-channel-mediated Ca 2+ influx is enhanced , indicating HIV-1-induced L-channel over-activation in these rats. Similarly, L-channel over-activation is found in young adult Tg rats (6-7 months old) because selective L-channel blockade abolishes the increased spiking in mPFC neurons of these rats (Wayman et al. 2016 ). In contrast, L-channel hyperactivity in the mPFC of older (12 months) Tg rats is also suggested, although it differs dramatically from those seen at younger ages due to unaltered VGCC-mediated Ca 2+ influx, associated with a significant decrease in Ca v 1.2 L-channel protein levels. Furthermore, aging in general (whether in non-Tg or Tg rats) reduces Ca v 1.2 L-channel protein levels (reflecting a reduced number of channels) in the mPFC without producing significant alterations in the total Ca 2+ influx through VGCCs. Together, these findings suggest that L-channel activity remains abnormally increased in the HIV-infected mPFC during aging (from 6-7 weeks, 6 months, and likely 12 months), even with reduced Lchannel number. Future studies examining more advanced ages (e.g., 24 months) would provide a better understanding of how and to what extent HIV and age affect Ca 2+ channel function.
The exact mechanism(s) by which HIV-1 and age differentially affect Ca 2+ influx via VGCCs in mPFC pyramidal neurons is unknown, but likely results from compensatory neuronal responses to the enhanced Ca 2+ influx at younger ages. Because significant Ca 2+ alterations cause neuronal dysregulation, injury, and death (Gleichmann and Mattson 2011; Hu 2015) , VGCC activity, which couples membrane depolarization with Ca 2+ influx, must be properly regulated. Cell surface expression and functional activity of VGCCs are regulated by various mechanisms that operate over a range of time frames, including but not limited to rapid calmodulin-based/Ca 2+ -dependent inactivation, and long-term activity-dependent Ca 2+ channel internalization, and channel cleavage (Brini et al. 2014; Groth et al. 2014) . Therefore, the unaltered total Ca 2+ influx via VGCCs found in mPFC neurons of older Tg rats could result from long-term, activity-dependent negativefeedback regulation (which may include, but is not limited to, channel internalization/proteolytic processing) that is triggered by earlier HIV-induced Ca 2+ dysregulation in younger Tg rats.
An important consideration is how our current findings relate to the disease progression of HAND. Although behavioral deficits of Tg rats associated with the observed mPFC dysfunction were not assessed in the present study, the HIV-1 Tg rat is reported to display neurocognitive deficits that resemble those seen in HAND at various ages (Vigorito et al. 2015) . These behavioral impairments include alterations in spatial memory, motivation, behavioral plasticity, habituation, and executive function (Vigorito et al. 2015) . Of the few published longitudinal assessments of neurocognitive function in Tg rats, alterations in temporal processing (measured by prepulse inhibition of a startle response) have been thoroughly studied at varying ages and have been found to persist into advanced ages (from 1 to 10 months of age) (McLaurin et al. 2016; McLaurin et al. 2017; Moran et al. 2013a, b; Vigorito et al. 2015) . Of specific interest to our current findings, Tg rats display differences in the development of temporal processing (which plateaus at 3 months of age for Tg) compared to nonTg rats (McLaurin et al. 2016) . It is possible that the differing age-related mechanisms of mPFC hyper-excitability we have found in the present study could contribute to the mPFC dysfunction underlying this progression of deficits in temporal processing. Further longitudinal studies have reported a consistent increase in emotionality and anxiety in Tg rats at ages 2 to 11 months, as determined by greater time spent in the periphery in the open field test (Moran et al. 2013b; Reid et al. 2016) . Our observations of differing mPFC dysfunction could contribute to these behavioral deficits at different ages.
Collectively, the present study demonstrates that HIV-1 alters the nature of VGCC and likely other ion channel dysregulation that underlies mPFC hyper-excitability through disease progression and during aging. Although further studies are needed to identify the channels that contribute to the HIVinduced mPFC hyper-excitability in aging, our novel findings contribute to a better understanding of how aging affects HIV-1 neuropathogenesis and, therefore, are informative and clinically relevant for the aging HIV + population.
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